Prior studies have demonstrated decreasing cerebral blood flow (CBF) in normal aging, but the full spatial pattern and potential mechanism of changes in CBF remain to be elucidated. Specifically, existing data have not been entirely consistent regarding the spatial distribution of such changes, potentially a result of neglecting the effect of age-related tissue atrophy in CBF measurements. In this work, we use pulsed arterial-spin labelling to quantify regional CBF in 86 cognitively and physically healthy adults, aged 23 to 88 years. Surface-based analyses were utilized to map regional decline in CBF and cortical thickness with advancing age, and to examine the spatial associations and dissociations between these metrics. Our results demonstrate regionally selective age-related reductions in cortical perfusion, involving the superior-frontal, orbito-frontal, superior-parietal, middle-inferior temporal, insular, precuneus, supramarginal, lateral-occipital and cingulate regions, while subcortical CBF was relatively preserved in aging. Regional effects of age on CBF differed from that of grey-matter atrophy. In addition, the pattern of CBF associations with age displays an interesting similarity with the default-mode network. These findings demonstrate the dissociation between regional CBF and structural alterations specific to normal aging, and augment our understanding of mechanisms of pathology in older adults.
Introduction
Continuous and sufficient cerebral blood flow (CBF) is vital to neural function; thus, cerebral perfusion, typically quantified by measuring the volume of blood passing through the microvascular network in a given volume of tissue over a certain duration, is a key indicator of cerebral health. It has long been established that CBF is normally coupled to cerebral oxygen (CMRO 2 ) and glucose consumption in steady state (Hoge et al., 1999; Sokoloff et al., 1977) . Disruption of this system may suggest compromised vascular function and/or abnormal metabolism. It is therefore not surprising that reduced CBF and disrupted neurovascular coupling are associated with numerous pathological conditions, such as hypertension, ischemic stroke, and Alzheimer's disease (Girouard and Iadecola, 2006; Gsell et al., 2000) . However, it is not fully understood if changes in CBF arise in normal aging, and whether such changes are associated with the well described tissue atrophy in older adults.
The brain undergoes a wide array of anatomical and functional changes in normal aging (Morrison and Hof, 1997) , associated with an increasing risk of age-related neurovascular diseases that compromise the functional integrity of the neurological system. A number of epidemiological (Aguero-Torres et al., 2006; Breteler, 2000; Ruitenberg et al., 2005) , pharmacotherapeutic (Duron and Hanon, 2010; Forette et al., 2002; Tzourio et al., 2003) , and neuroimaging studies (Alsop et al., 2008; Dai et al., 2008c Dai et al., , 2009 Uh et al., 2010) suggest vascular contributions to Alzheimer's disease (AD) and other dementia (Bell and Zlokovic, 2009; Caroli et al., 2007; de la Torre, 2005; Dickstein et al., 2010; Helzner et al., 2009; Ruitenberg et al., 2005; Sachdev et al., 1999; Zlokovic, 2005) . Thus, understanding changes in blood flow in cognitively healthy older adults is an important step towards differentiating normal from abnormal alterations in physiology (Elias et al., 1995; Farmer et al., 1990; Nagata et al., 2000; Skoog et al., 1996) . Regional hypoperfusion has been found to be associated with amyloid accumulation (Driscoll et al., 2010; Sojkova et al., 2008) as well as cognitive deficits (Alves and Busatto, 2006) . The reported links between perfusion reduction, neuronal damage and structural deterioration (Fierstra et al., 2010; Tohgi et al., 1998) beg the question of how aging-associated CBF reductions relate to the wide-spread cerebral atrophy (Akiyama et al., 1997; Buckner et al., 2004; Raz et al., 1997; Salat et al., 2004) , and more critically, which changes are not secondary to normal aging but may instead indicate impending pathology. Invaluable clues can be gleaned by integrating quantitative perfusion and anatomical imaging.
Perfusion imaging has conventionally been performed using positron-emission tomography (PET) (Beason-Held et al., 2009; Meltzer et al., 2000; Pantano et al., 1984) , single-photon emission computed tomography (SPECT) (Alves and Busatto, 2006; Inoue et al., 2005; Yang et al., 2002) , X-ray computed tomography (CT) (Akiyama et al., 1997; Meyer et al., 1994) and contrast-enhanced MRI (Helenius et al., 2003) . Arterial-spin labelling (ASL) (Detre et al., 1998a,b; Oguz et al., 2003; Parkes et al., 2004; Williams et al., 1992; Wong et al., 1997 ) is a relatively novel and minimally invasive perfusion methodology requiring no exogenous tracers, and continuous ASL (CASL) (Detre et al., , 1994 (Detre et al., , 1998a as well as the more novel pseudo-continuous ASL (Dai et al., 2008b; Silva and Kim, 1999) have recently found application in clinical populations (Alsop et al., 2008 Detre et al., 1998a,b; Xu et al., 2010) . However, regional CBF changes in cognitively healthy adults specific to the full adult life-span remains to be clarified. In this work, we examine the effects of normal adult aging on CBF using advanced anatomical models and morphological procedures which permitted the assessment of regional alterations in cortical and subcortical tissue. We used pulsed ASL in conjunction with high-resolution structural MRI to evaluate regional cortical and subcortical resting CBF measures in cognitively healthy older adults. Unique to this study is the mapping of MRI measurements of age-associations in CBF in relation to regional brain atrophy in a cortical surface-oriented manner. This procedure permitted detailed examination of the association between age-related changes in CBF and tissue volume, as well as the reduction of the potential influence of partial volume contamination on the CBF values. We found that reductions in CBF were independent of concurrent agerelated tissue volume reduction, as perfusion can remain unaltered in regions of significant tissue atrophy. This apparent "dissociation" suggests that tissue shrinkage and hypoperfusion may not take place concurrently. Our findings underscore the importance of perfusion and structural measures as individually unique metrics of neurological changes in aging.
Materials and methods

Participants
This study involved 86 cognitively healthy participants, (38 men/48 women), aged from 22.9 to 88.2 years. These were subdivided into young (YA, age b 40), middle-aged (MA, 40 ≤ age b 60) and older (OA, age ≥ 60) adult groups. Younger adults were recruited through the MGH and local community, and older adults were recruited through the Harvard Cooperative Program on Aging (http://www.hebrewrehab.org/ home_institute.cfm?id=90) and the Nurses' Health Study (http:// www.channing.harvard.edu/nhs/) at Harvard Medical School and Brigham and Women's Hospital as well as the local community. Older adults were screened for dementia using the Mini Mental Status Exam (MMSE) (Folstein et al., 1975) , with a minimum MMSE requirement of 24. We also included scores from the National Adult Reading Test (ANART) (Grober and Silwinski, 1991) and the Hopkins Verbal Learning Test (HVLT) (Vanderploeg et al., 2000) as indicators of cognitive health, as well as the Geriatric Depression Scale (GDS) for psychiatric health (Yesavage et al., 1982) . Demographic information is provided in Table 1 . Education levels were matched in all age groups. We excluded individuals with signs of major neurologic or psychiatric illnesses outside the range of vascular conditions in our inclusion criteria (mild forms of hypertension, hyperlipidemia, and diabetes). History of diabetes or high blood pressure was noted. Conditions for exclusion included dementia, high cerebrovascular disease risk, cancer of the central nervous system, major head trauma, overt cerebrovascular disease (including stroke and hemorrhage), and other neurological or psychiatric conditions that would be expected to influence cognition or imaging measures including human immunodeficiency infection (HIV), hydrocephalus, brain tumors, sarcoidosis, and multiple sclerosis. We also excluded individuals taking medications that would be expected to have a substantial effect on cognitive abilities. Experiments were performed with the understanding and written consent of each participant, according to the Institutional Review Board guidelines.
MRI acquisition
All images were acquired using a Siemens Trio 3 Tesla system. The scans employed 12-channel phased-array head coil reception and bodycoil transmission. A 3D anatomical was acquired using multi-echo MPRAGE (van der Kouwe et al., 2008) , with resolution 1×1×1 mm, TR=2530 ms, TI=1000 ms, TE =1.64, 3.50, 5.36 and 7.22 ms, field of view =256×256 mm (sagittal), matrix size =256×256×176, bandwidth=651 Hz/voxel, and GRAPPA factor=2.
Two pulsed ASL (PASL) datasets were obtained sequentially for each subject using the FAIR QUIPSS II PASL technique (Wang et al., 2002) . A slice-selective frequency-offset corrected inversion (FOCI) pulse was applied during tag and control, the latter scan acquired in the absence of slab-selective gradients. The tag and control labelling thicknesses were 140 mm and 340 mm, respectively, leaving 100 mm margins at either end of the imaging slab to ensure optimal inversion profile. The QUIPSS II saturation pulse was applied to a 100 mm slab inferior to the imaging region with a 10 mm gap between the adjacent edges of the saturation and imaging slabs. Flow crusher gradients were applied with a threshold of 100 cm/s. Other imaging parameters were: 64×64 matrix, 24 slices (ascending interleaved acquisition), with a voxel size=3.4×3.4×5 mm 3 . The slice positioning and sample FAIR images area shown in Fig. 1 . The PASL acquisitions each consisted of 104 frames (52 tag and 52 control), with TI1=600 ms and TI2=1600 ms, chosen to accommodate a wide range of flow rates. The scans used a repetition time (TR) of 4 s, and an echo-time (TE) of 12 ms, made possible by the current implementation of ¾ partial Fourier echo-planar imaging (EPI) readout, which enabled the minimization of BOLD effects and the reduction of susceptibility-related geometric distortions. The acquisition time per slice was 42 ms. A 2D gradient-echo EPI (echo-planar imaging) sequence was used in a calibration scan (with TR set to 10 s) to estimate the equilibrium magnetization of arterial blood. Sample images from the ASL acquisition are presented in Fig. 1 .
Data processing
Structural assessments
All structural assessments were performed on the multi-echo MPRAGE images using the FreeSurfer image processing and analysis The procedure includes removal of non-brain tissue using a hybrid watershed/surface deformation procedure (Segonne et al., 2004) , automated transformation into the MNI152 standard space, intensity normalization (Sled et al., 1998) , tessellation of the grey matter white matter boundary, automated topology correction (Segonne et al., 2007) , and surface deformation following intensity gradients to optimally place the grey/white and grey/CSF borders at the location where the greatest shift in intensity defines the transition to the other tissue class (Fischl and Dale, 2000) . The subsequent segmentation of the cortex and subcortical grey matter volumetric structures were performed for each subject based on probabilistic models of tissue magnetic resonance parameters and of anatomical locations (Fischl et al., 2004a,b) . The resultant cortical models permitted surface inflation (Fischl et al., 1999a ) and registration to a spherical atlas, whereby individual cortical folding patterns were used to match cortical geometry across subjects (Fischl et al., 1999b) . Spherical registration has demonstrated superior accuracy than volume-based registration in aligning histological properties . Representations of cortical thickness, calculated as the closest distance from the grey/white boundary to the grey/CSF (cerebrospinal fluid) boundary at each vertex on the tessellated surface (Fischl and Dale, 2000) , were produced using segmentation and deformation procedures based on both intensity and continuity information from the entire three dimensional MR volume. The resultant maps are sensitive to sub-millimeter differences in thickness between groups, and have been validated against histological analysis (Rosas et al., 2002) and manual measurements .
Quantitative CBF computation
The raw PASL time-series were motion-and drift-corrected using FLIRT (publically available at http://fsl.fmrib.ox.ac.uk/fsl/flirt), and subsequently divided into 52 tag-control pairs per acquisition. To minimize BOLD-contamination, the tag-control difference images were calculated using surround subtraction (Lu et al., 2006) . Longitudinal (T 1 ) relaxation during the slice-dependent transit delays was compensated based on the per-slice acquisition time. The PASL volumes were then averaged across time and across the two datasets to maximize signal-to-noise, following which quantitative CBF maps were obtained according to the single-compartment Standard Kinetic Model (Buxton et al., 1998) . The equilibrium arterial-blood magnetization was computed as the intensity in the calibration scan adjusted for longitudinal (T 1 ) and transverse relaxation (T 2 ⁎ ) differences as well as blood-tissue water partition coefficient (λ). Typical values for proton density, λ, T 1 and T 2 * were assumed for all grey matter based on prior literature, as described in Çavuşoğlu et al. (2009) . The labeling efficiency was assumed to be 98% (Wong et al., 1998a,b) .
Group analysis
To enable surface and ROI-based analyses, the PASL data were upsampled to 1 mm 3 spatial resolution and registered to the nativespace anatomical images using boundary-based registration . Specifically, the mid-frame of the motion-and driftcorrected PASL time-series was chosen as the template image, and crossmodality registration was achieved by minimizing the misalignment between the cortical grey-white boundaries in the anatomical and PASL template images through 12 degree affine transforms. This method is minimally sensitive to differences in contrast and intensity nonuniformity in the two datasets, and the procedure benefited from the reduced geometric distortions in the PASL images through the short-TE partial-Fourier acquisition. All segmentation-based volume ROIs were eroded by 1 mm around the perimeter to further reduce partial-volume contamination. Mean CBF values across volume ROIs were computed in native space, and regressed against age, both with and without using structural volume as a covariate. Cortical CBF reductions with age were assessed across the cortex and separately in the hippocampus. In addition, resting CBF in all cortical parcellations (Fischl et al., 2004b ) was compared across hemispheres, genders and age-groups using multi-variate ANOVA.
To facilitate group-analysis, the anatomical-registered PASL data were sampled onto a surface atlas using spherical registration. The surfacesampling of the upsampled CBF maps was performed at a depth of 50% into the cortical ribbon. This approach was favoured over the inclusion of the entire cortex, despite the large voxel size in the source CBF images, as it was found to reduce the inclusion of voxels contaminated with whitematter or CSF. It was further cross-validated using the ROI-based approach described below. Group-mean CBF maps were generated using non-rigid high-dimensional spherical averaging (Fischl et al., 1999a) . The interaction between cortical CBF and age was assessed by regressing out concurrent variations in cortical thickness, out of consideration for atrophy-related partial-volume contamination of CBF measures. Outliers were removed based on the standardized residuals (exclusion criterion=2 standard deviations) prior to the regression analyses. General linear model-based statistical tests were performed with smoothing along the cortical surface using a circularly symmetric Gaussian kernel with a full-width at half-maximum (FWHM) of 10 mm, and the results were corrected for multiple comparisons using the false-discovery rate method (Genovese et al., 2002) .
To visualize the interplay between resting CBF and thickness in agingrelated changes, spatial overlaps were generated from regions showing higher-than-average cortical CBF and/or thickness, and from those showing significant CBF reduction and/or cortical thinning. In addition, regions exhibiting the most significant age-associated CBF reduction were demarcated and analyzed individually, after regressing out variations in cortical thickness. To assess laterality effects (see Supplementary Materials), these regions were labelled ipsilaterally and matched to regions on the contralateral side. For this purpose, the surface labels were converted back into volume space through an extension into the cortical ribbon a depth of 10% to 90%. Furthermore, the thalamus, amygdala and accumbens, as well as substructures of the basal ganglia, were individually segmented, and their respective mean CBF values extracted for both hemispheres. Inter-hemispheric comparisons of CBF and grey-matter volume were also performed for all cortical and subcortical structures. All structural volume measures were corrected for estimated total intracranial volume (eTIV) using the atlas-scaling and covariance approach . The significance of the regressions was computed using t-tests, and that of the inter-group comparisons were all performed using multi-factorial analysis of variance (ANOVA), with gender and/or age being the potential covariates.
Reproducibility analysis
Within-session cross-run reproducibility of the quantitative CBF measurements was assessed using the two PASL acquisitions acquired per subject, and quantified through the percent difference, that is, the absolute difference between the CBF values obtained from the two runs normalized by the cross-run CBF mean. In addition, to assess the reliability of the spatial localization of the cortical-thickness and CBF variations with age, we separated the full dataset (from all subjects) into two independent subsets of matched mean ages and sex ratios. One of these was used for the statistical analysis, based on the results of which regions of interest (ROIs) were delineated, and then mapped to the other subset. This methodology permitted us to assess and minimize cohort-specific effects in the observed CBF-age relationship.
Results
Effect of age on global CBF
The mean CBF value across the entire cortical grey matter volume was 52.6 ± 9.3, 52.0 ± 10.7, and 42.7 ± 8.8 ml/100 g/min in the young (YA), middle-aged (MA) and older (OA) adult groups, respectively. No significant difference was found between the YA and MA, but these latter were both found to differ from the OA group. The mean subcortical CBF, taken across the amygdala, accumbens, caudate, globus pallidus, putamen and thalamus, was 40.5 ± 7.6, 41.7 ± 7.1, and 39.5 ± 6.2 ml/100 g/min, respectively. One-tailed t-test revealed cortical CBF to exceed subcortical CBF in the YA (p b 0.001), MA (p b 0.01) but not the OA (p = 0.15). Also, while there were no differences in mean CBF across hemispheres cortically (p = 0.90) and subcortically (p = 0.91), laterality effects were observed when examining select cortical ROIs (Table 2) .
Spatial heterogeneities in CBF were also present, as seen in Fig. 2 . The mean quantitative CBF values were mapped onto semi-inflated lateral (top) and medial (bottom) surface models in the YA, MA, and OA groups, as shown in Figs. 2a-c. The spatial variation in CBF was similar across age-groups, with OA exhibiting visibly reduced mean CBF compared both YA and MA, and the latter two showing a less remarkable mutual difference. There was also a spatially distinct pattern of variance in the CBF measurements (Fig. 2e) . Lastly, we also illustrate the relationship between regional cortical thickness and colocalized CBF across individuals (Fig. 2f) .
We evaluated the association between global CBF, tissue volume and age. Averaging across the entire cortex (encompassing both regions affected and unaffected by age), CBF was found to decrease at 0.38% per year (p = 0.014) (Fig. 3a) , amounting up to 27% over a 70-year period of adult life. In contrast, the slope for cortical volume vs. age (Fig. 3b) 8 ). Regression across all subcortical grey-matter structures as a whole revealed minimal decrease with age (Fig. 3c) , although extensive negative correlations between tissue volume and age were observed across all subcortical structures studied (Fig. 3d) . No significant pair-wise differences in global mean CBF were found among the age-groups, as shown by the group-average plots in Fig. 4 . Cortical CBF was higher in women in the OA group (p b 0.05) but not in the YA or MA groups. Although no statistically significant gender-disparity was found when all ages were pooled, subsequent statistical analyses examined effects controlled for sex.
Finally, lateralization and sex differences in CBF are presented in Table 2 . In general, resting CBF was higher in the right hemisphere and in women (see Supplementary Materials).
Regional effects of age on CBF
Regional CBF values averaged across distinct cortical parcellations for the three age groups are shown in Table 2 . The caudal middle-frontal, isthmus/posterior cingulate and pericalcarine regions were associated with higher CBF than the cortical average in all groups, although the differences were not statistically significant. ANOVA indicated a myriad of cortical parcellations displaying reductions in CBF in the OA as compared to the MA. In contrast, fewer regions exhibited such effects in the MA compared to the YA. Similar group trends pertain to the subcortical structures (Table 2) , with Fig. 5 showing gender-dependence in individual parcellations. In the regression against age (Table 3) , only the pallidum demonstrated a statistically significant effect.
We also evaluated the amplitude and statistical significance of CBF variations with age, shown in Figs. 6a, b, respectively. Interestingly, little spatial overlap is observed between the highest levels of CBF reduction and cortical thinning with age. This is further bolstered by the statistical results (Fig. 6c) . Controlling for cortical thickness variations on a per-vertex basis did not have a substantial impact on the association between age and CBF, as demonstrated in Figs. 6c and d.
Reproducibility
The repeated PASL acquisition also facilitated the examination of cross-run CBF measurement repeatability in the same scan session. We found a mean CBF estimation difference of ≅7% (of group-mean) between scans, with no significant variation across cortical and subcortical structures. Furthermore, to determine the reliability of the observed regional CBF decreases, we divided the dataset into two samples, matched for both age and sex, with the first sample used to identify ROIs exhibiting significant age-associated CBF reduction (see Materials and methods). The ROIs were subsequently used to test for similar effects in the second sample, as described in our prior work Salat et al., 2009 ). Significant regional CBF decline with age was robustly observed across these independent samples (see Supplementary Materials), as were the patterns of age-associated cortical thinning.
CBF and cortical thickness interactions
Cortical thinning was found to be largely bilateral, though stronger in the right hemisphere. Qualitative examination of potential mechanisms via various interactions between CBF and cortical thickness is presented in Fig. 7, including, 1. The overlap of regions showing age-associated decline in cortical thickness and in CBF (Fig. 7a ) was used to address whether cortical thinning result from changes in CBF or vice versa), and we found that cortical thinning did not substantially overlap with regions showing the most notable CBF reductions; 2. The overlap between regions showing age-effects in CBF and high regional CBF in the young controls (Fig. 7b ) was used to assess whether CBF decline later in life is driven by spatial bias early in life, and we found this link to be limited to the temporal, parietal and precuneus regions; 3. The overlap between regions of high CBF in young adults and those showing associations between cortical thickness and age (Fig. 7c ) was used to assess whether high resting CBF was related to predisposition for cortical thinning, and substantial overlap was observed; 4. The coexistence of age-associations in CBF and high cortical thickness in young adults (Fig. 7d ) was used to assess if changes in CBF occur selectively in thicker or thinner regions of cortex, and we found regions of reduced CBF not to be directly associated with thickness.
Discussion
This study investigated the relationship between cerebral perfusion and aging. Reproducibility associated with pulsed ASL CBF measurements is in agreement with previous findings (Jiang et al., 2010; Parkes et al., 2004) . We demonstrated substantial spatial nonuniformity in CBF cortically and subcortically, independent of age. Significant age-associated regional CBF reduction was widely observed throughout the cortex. Importantly, these reductions were not closely associated with age-related cortical thinning. In contrast, a suggestive relationship was found between CBF in young adults and cortical thinning in aging. This potential link to mechanisms of ageassociated atrophy is of interest for future examination. Given previous evidence of an important relationship between pathological perfusion reduction and neuronal degeneration (Fierstra et al., 2010) , the current findings may indicate a distinct paradigm characteristic of normal aging. Lastly, the spatial distribution of CBF reductions spans regions reported to be involved in default-mode activity (for review see Raichle and Snyder, 2007) , warranting further investigation.
CBF reduction in aging
Our CBF estimates are consistent with values in the PET and MRI literature (Calamante et al., 1999; Çavuşoğlu et al., 2009; Leenders et al., 1990; Shin et al., 2007) , and particularly with prior findings using ASL (Wong et al., 1998b; Ye et al., 1997; Zou et al., 2009 ). The loci of low and high perfusion are in agreement with numerous reports using PET (Ishii et al., 1996; Leenders et al., 1990; Raichle et al., 2001 ) and CASL Zou et al., 2009) .
The inter-group comparisons of mean CBF in parcellations revealed more regions with age-related CBF decrease than did the per-vertex surface-regression analyses. In fact, the use of the two approaches served as self check for consistency, and we found agingassociated cortical CBF reduction to be greatest later in life (after the transition from middle-aged to older-adults) instead of being a linear process. Nonetheless, our data is under-powered for demonstrating significant nonlinear trends, given the inter-subject variability.
Reproducible cross-sectional age-effects in CBF were demonstrated with negligible cohort differences between, the localization of which 42.5 ± 7.9 41.6 ± 9.1 34.6 ± 8.4 L N R** Middle temporal 53.6 ± 9.6 53.0 ± 11. O PET and CASL studies, including the frontal and insular cortices (Leenders et al., 1990) , the frontal-temporal region (Beason-Held et al., 2009; Inoue et al., 2005; Lee et al., 2009; Pagani et al., 2002) , the precuneus (Beason-Held et al., 2009; Lee et al., 2009) , and the anterior cingulate (Pagani et al., 2002) . The left hemisphere was associated with a greater number of regions with reduced CBF than the right hemisphere, specifically the lateral occipital and supramarginal regions, in agreement with PET findings (Pagani et al., 2002) , though there was little hemispheric bias in the rates of CBF reduction.
Our measurements of the CBF-age relationship in the frontal and insular regions are in excellent agreement with observations by Leenders et al., while those in the superior frontal region and precuneus are in agreement with longitudinal findings by Beason-Held et al. (2009) . The CBF decline in the frontal, temporal, and parietal regions are macroscopically in agreement with CT findings both cross-sectionally and longitudinally (Akiyama et al., 1997) , although Akiyama et al. noted an absence of longitudinal effects in the occipital lobe, in contrast to their cross-sectional results and to our own results. Also, our finding of ) and OA (c) groups were mapped onto semi-inflated lateral (top) and medial (bottom) surface models. Across all groups, the highest resting CBF was found to be associated mainly with visual and motor areas, in addition to the superior frontal region and the posterior cingulate, confirmed in the average over all subjects (d). The variance in CBF across cortical regions is demonstrated in (e), and may affect the statistical power of age effects. Lastly, the spatial variation in CBF is similar across age-groups, with the older-adults showing visibly reduced CBF. Regions of high mean basal CBF did not directly translate to high cortical thickness (f). Fig. 3 . Association between global cortical CBF, tissue volume and age. Men are indicated by circles and women by diamonds, and regression models are shown as solid lines. The mean CBF across the entire cortex was negatively correlated with age (a), with a slope of −0.38% per year (pb 0.05). Cortical grey matter volume, normalized by total intracranial volume, also shows a negative association with age, with a slope of 0.85% per year (pb 0.05), exceeding concurrent reductions in CBF. On the other hand, the CBF averaged across all subcortical structures did not significantly vary with age (c), while subcortical grey-matter volume variations were associated with a slope of −0.44% per year (pb 0.05). All volume measures were corrected for intracranial volume (eTIV). Fig. 4 . Global average CBF values in the cortex. Cortical CBF in young (YA), middle aged (MA), and older adults (OA) differentiated by sex (men, M, and women, W). The average CBF across the entire cortex was higher in women in the OA group (denoted by asterisk), but there was no gender-dependence globally in the YA or MA groups. Also evident from this group comparison is a trend for OA to have reduced CBF compared to YA and MA, although the difference eluded statistical significant for either the men or the women.
reduced CBF in the superior parietal region is in contrast with reports by Beason-Held et al. (2009) , potentially as the latter was a longitudinal study focusing on an age-range truncated to involve only older adults (age = 68.4 ± 6.8 years). A key future goal will be to study the potential disparities between longitudinal and cross-sectional assessments.
In the subcortex, our observation of reduced perfusion in the caudate and thalamus in the OA is consistent with CT findings (Akiyama et al., 1997) , although unlike Akiyama et al., we did not observe significant CBFage relationship in the putamen. Finally, despite prior findings of augmented subcortical perfusion in healthy older adults Pagani et al., 2002) , such increases with age were not found in the present setting; such effects may be attributed to partial-volume contamination (Barnden et al., 2005) . It should be noted, however, that prior SPECT studies examined CBF normalized by global flow, implying that an unchanged subcortical CBF may seem to be an increase, should global CBF be reduced.
In terms of mean cortical CBF, the sex-difference was only significant in the older adults, perhaps owing to the substantial inter-subject variability within groups. CBF disparities between genders spatially selective, with women consistently being associated with higher CBF, also in accordance with prior results (Jones et al., 1998; Li et al., 2004; Parkes et al., 2004; Shin et al., 2007) . As to the slope of CBF vs. age, no significant gender bias was found, echoing previously findings in whole-brain analyses (Buijs et al., 1998) , but contrary to select PET and MRI experiments (Pagani et al., 2002; Shin et al., 2007) .
The currently observed whole-cortex CBF reduction of~0.38% per year is lower than previously reported whole-brain (~0.52% per year, using 2D phase-contrast cerebral angiography) (Buijs et al., 1998) and wholecortical measurements (0.76% per year, using contrast-enhanced MRI) (Shin et al., 2007) , but more comparable with CASL-based findings (Parkes et al., 2004) . Several factors may contribute to the differences, including the inclusion of white matter in the estimation of whole-head perfusion and the subject selection criteria (such as the inclusion of individuals with cognitive deficits and/or macrovascular pathology). In addition, previous studies have been more limited in slope, owing in part to the invasive nature of traditional perfusion imaging techniques -the non-invasiveness and high accessibility of pulsed ASL imaging was integral to achieving comprehensiveness in our cohort. Moreover, earlier perfusion quantification techniques were sensitive to limitations in temporal (Chen et al., 2005a; Østergaard et al., 1996) and spatial resolution (Chen et al., 2005b; Inoue et al., 2005; Inoue et al., 2003; Law et al., 2000; Meltzer et al., 2000) . From the latter perspective, the effect of atrophy is of particular importance to aging studies, and the interpretation of CBF changes is ideally made in conjunction with structural changes.
Knowledge of the patterns of age-associated CBF decline is invaluable for distinguishing normal changes from more detrimental disease-related degeneration. While much of our findings resemble SPECT-based observations in dementia (Matsuda et al., 2002 (Matsuda et al., , 2003 and more recently using CASL Hayasaka et al., 2006; Nagata et al., 2000; Schuff et al., 2009; Shimizu et al., 2010; Yang et al., 2002) and AD (Tosun et al., 2010) , some exceptions were found, such as in the amygdala ) and hippocampus (Alsop et al., 2008; Dai et al., 2009; Fleisher et al., 2009; Heo et al., 2010; Ito et al., 2006; Nagata et al., 2000) .
Association between CBF reductions and tissue atrophy
The spatial distribution of cortical thinning with age in the current cohort was robustly observed across independent samples, and in agreement with previous reports based on both MRI (Fjell et al., 2009; Raz et al., 1997; Salat et al., 2004) and CT (Akiyama et al., 1997) . These results correspond well with those identified by the latter work as exhibiting the most robust cortical thinning. Further agreement was found with other previous MRI-based findings (Burgmans et al., 2009; Raz et al., 2003; Sullivan et al., 2004; Walhovd et al., 2005) , although the shrinkage was less pronounced than previously reported.
Based on prior knowledge linking perfusion deficit and tissue damage (Fierstra et al., 2010; Koehler et al., 2009) , we hypothesized that CBF reduction and tissue atrophy would be closely related in aging. However, a key finding of this work is to the contrary. Specifically, although regions which exhibit significant cortical thinning, such as the frontal, temporal and precuneus regions, also exhibit reduced perfusion, in agreement with findings by Tosun et al. (2010) , there were many regions showing reduced cortical thickness without a concomitant reduction in CBF. Furthermore, the association between CBF and age was minimally influenced by neutralizing the effect of cortical thinning. This relative dissociation of CBF reduction and atrophy in aging builds upon potentially related observations in healthy older adults examined with PET by Sojkova et al. (2010) but are not consistent with earlier CT results in aging (Akiyama et al., 1997; Obara et al., 1994) . The times of occurrence of CBF and tissue volume reductions are likely to differ, the significance thereof remaining to be clarified.
Stemming from neurovascular coupling requirements, the influence of age on CBF is likely to reflect underlying changes in neuronal activity. Age-related and comparable decreases in CBF and CMRO 2 have been reported previously (Leenders et al., 1990; Pantano et al., 1984) , particularly in the parietal (Burns and Tyrrell, 1992) , frontal and temporal lobes (Burns and Tyrrell, 1992; Leenders et al., 1990) , coinciding with locations showing CBF reduction in this study. It is unclear whether basal flow and/or metabolism are related to resistance to cerebrovascular degeneration in aging/dementia. Our results qualitatively demonstrate a parallel between reduced CBF and elevated resting oxidative metabolism (Buckner et al., 2005; Gjedde et al., 2005; Raichle et al., 2001 ), a set of regions widely referred to as part of the default-mode network. The significance of this finding will be further investigated. Finally, the development of hyper-or hypotension, particular in the MA and OA populations, has been suggested as a contributor to CBF changes (Alves and Busatto, 2006; Gruhn et al., 2001) . While the relationship between concurrently observed CBF reduction and cortical atrophy has previously been investigated using a voxel-based morphometric (VBM) approach, existing VBM results have not been consistent (Ito et al., 2006; Van Laere and Dierckx, 2001) , perhaps due to such limiting factors as spatial resolution and common uncertainties in the accuracy of volume-based registration for atlas-based analyses Zollei et al., 2010) , particularly in view of complications introduced by age-related atrophy (Dai et al., 2008a) . Our findings build upon prior work by Tosun et al. (2010) , in which surface mapping was used to demonstrate dissociations between CBF and cortical thickness reductions in individuals with AD. We did not compensate the CBF values themselves for intra-voxel tissue heterogeneity (Asllani et al., 2008) , but instead regressed out the contribution of grey-matter volume variations from the association between CBF and age. Finally, our results are based on the largest perfusion and structural MRI datasets acquired to-date for such investigations on aging, and the outcome of our surface-based groupanalyses was further confirmed by the results of our subject-specific native-space volume-based ROI-analyses.
Limitations and caveats
Pulsed ASL is known for its sensitivity to arterial-transit delay, which may be lengthened in aging. In addition, in the healthy subjects, the inferior half of the brain is reportedly associated with longer transit delays (Qiu et al., 2010) , while relatively long delays have also been associated the frontal and occipital lobes (MacIntosh et al., 2010) . As these factors are important determinants of CBF accuracy, our PASL parameters were chosen to minimize velocity-related bias. Specifically, a relatively short TI 1 of 600 ms facilitated the minimization of bolus-width sensitivity even for rapid flow, common to younger subjects, while a TI 2 of 1600 ms exceeds the longest grey-matter transit delay (cortical and subcortical) expected in healthy adults (Qiu et al., 2010) , accommodating the slower flow which may be expected in certain older adults. Furthermore, the cortical and subcortical CBF reduction patterns in aging observed in this study differ spatially from the patterns of transit delay heterogeneity. Thus, it is not likely that the observed changes are driven primarily by the above PASL- Fig. 6 . The association between age and regional CBF as well as cortical thickness. The colour scales in (a) and (b) indicate the amplitude of age-associations in CBF, while that in (c) and (d) indicates statistical significance, with light blue and yellow denoting the strongest negative and positive associations, respectively. Regions exhibiting the largest magnitude of CBF reduction (a) and cortical thinning with age (b) did not spatially coincide. The significance map of CBF reductions before (c) and after vertex-wise covariation for ageassociations in cortical-thickness (d) only subtly differed. Greatest statistical effects were found in the left supramarginal and occipital gyri, and the right anterior cingulate, as well as bilaterally in the right rostral middle-frontal, superior parietal, middle-inferior temporal and insular regions, medial superior frontal, orbito-frontal and precuneus regions. Furthermore, the localization of regions exhibiting the most rapid age-related CBF decline appeared to coincide with regions showing the highest statistical effects of age on CBF. related artifacts and biases, although it is possible that arterial transit times may contribute in some way to the reported effects. Additionally, ASL measures of CBF are dependent on tissue and blood T 1 and T 2 ⁎ . These parameters have been found to decrease with advancing age in brain tissue (Cho et al., 1997; Mitsumori et al., 2009) . Based on these prior findings, we estimated the worst-case errors using numerical simulations (data not shown), and found these figures to translate to a CBF underesmation of up to~10% (T 2 -related) and CBF overestimation of up to~8% (T 1 -related), respectively. Notwithstanding, these opposite and competing effects are exceeded by the CBF reductions currently reported. Nonetheless, prospectively, we hope to study the effect of physiological changes in aging on CBF measurement , and to enhance the sensitivity of our CBF measures using novel pseudo-continuous ASL techniques (Xu et al., 2010) . Importantly, the current study presents a cross-sectional view on aging. We are aware of the potential confounds of cross-sectional studies, such as cohort effects. To assess the potential influence of cohort effects, we have repeated the analyses on two independent sample populations, and arrive at similar results. Furthermore, our results are compatible with previous longitudinal findings (Sojkova et al., 2008) , although we noted slight discrepancies partially due to differences in the subjects' age range. More detailed examinations of the comparability of cross-sectional to longitudinal findings will be one of the key targets for future efforts.
Conclusions
An accurate understanding of cerebral perfusion changes in normal aging is key to deciphering the neurovascular manifestations and pathogenesis of age-related neurological diseases. This work is the first instance in which surface processing procedures are used to map in detail MR measures of perfusion and structural changes associated with normal aging. We have demonstrated regionally specific grey matter perfusion variations across the adult lifespan using pulsed ASL. Our results demonstrate that regions of CBF reduction are largely distinct from those most burdened by grey-matter atrophy, suggesting differential contributions to age-related cognitive decline by hemodynamic and structural changes. Furthermore, the age-associated CBF decreases were most significant in regions commonly associated with higher resting metabolism. This work sets the stage for a larger scale use of pulsed ASL to investigate perfusion alterations in cerebrovascular disease and dementia.
Supplementary materials related to this article can be found online at doi:10.1016/j.neuroimage.2010.12.032. Fig. 7 . Associations between resting CBF, cortical thickness and their respective magnitudes of age-association. Regions of high thickness and CBF were defined as those with values exceeding the cortical mean. There was minimal overlap between regions showing age-associated cortical thinning and regions showing age-related decrease in CBF (a). Regions showing the highest CBF in youth (represented by mean CBF in YA group) were not necessarily those showing the greatest cross-sectional age-associated CBF reductions (b). Interestingly, there was substantially more overlap between regions of high CBF and greatest thickness reductions, although the overlap did not encompass all regions manifesting cortical thinning (c). Finally, almost all regions of high cortical thickness are associated with significant CBF reduction, the latter having been controlled for concurrent thickness decrease (d).
